In this paper a homomorphic filtering scheme is proposed to improve the estimation of the planet/star radius ratio in astronomical transit signals. The idea is to reduce the effect of the short-term earth atmosphere variations. A two-step method is presented to compute the parameters of the transit curve from both the unfiltered and filtered data. A Monte Carlo analysis is performed by using correlated and uncorrelated noise to determine the parameters of the proposed FFT filter. The method is tested with observations of WASP-19b and WASP-17b obtained with the FORS2 instrument at the Very Large Telescope (VLT). The multi parametric fitting and the associated errors are obtained with the JKTEBOP software. The results with the white light of the exo-planet data mentioned above suggest that the homomorphic filtering can lead to substantial relative reductions in the error bars as high as 45.5% and 76.9%, respectively. The achieved reductions in the averaged error bars per channel were 48.4% with WASP-19b and 63.6% with WASP-17b. Open source MATLAB code to run the method proposed here can be downloaded from http://www.cmrsp.cl. This code was used to obtain the results presented in this paper.
Introduction
Astronomical observations have greatly benefited from the introduction of digital detectors. The migration from analogue photographic-plate detectors to digital array of pixels such as the classic charge-coupled-devices (CCDs) happened towards the end of the previous century. The much enhanced sensitivity and robustness of the digital devices permitted giant leaps in observational astronomy. However, data analysis in astronomy may still greatly benefit from signal processing techniques.
The first exoplanet around a main sequence star was detected two decades ago (Mayor and Queloz, 1995) . In the short period since that discovery, the field of exoplanetary research has evolved beyond detection, where atmospheric and interior characterization of these alien worlds have been made. A multi-wavelength time-series observation of an exoplanetary transit with sufficient baseline allows for the measurement of the transmission signature of stellar light's tangential path along the planetary terminator; likewise, an equivalent observation of an exoplanetary occultation facilitates the measurement of the emission spectrum from planet's dayside. For both complementary methods, the depth of the feature in the lightcurve is the parameter that, after adequate modeling, relates to the exoplanetary atmospheric properties like composition, temperature-pressure profiles e.g. (Madhusudhan and Seager, 2009; Fortney et al., 2010; Iro and Deming, 2010) ; in the case of transits, the depth is related to the planet-to-star radius ratio.
Given the extra distortion by the Earth's atmosphere (telluric effects), early exoatmosphere characterization was possible only through space-based instrumentation, e.g. (Charbonneau et al., 2002; Vidal-Madjar et al., 2004 by detecting wavelengthdependent variations of transit depth in a time-series spectral observations as the planet crosses in front of the host star. More troublesome became securing the first ground-based observations; after several null results e.g. (Richardson et al., 2003; Rojo, 2006 ) the first bona-fide detections of exoatmospheres were only possible in 2008 (Redfield et al., 2008; Snellen et al., 2008) . Those first detections observed the single target star correcting the telluric effects by out-of-transit baselines, an approach that later kept yielding detection of new atomic species as in (Astudillo-Defru and Rojo, 2013) .
However, simultaneously observing one or more reference stars together with the exoplanetary system has been the favored method that, complementing space-based measurements, have shown the large diversity of exoplanetary atmospheres (Bean et al., 2011; Mancini et al., 2014; Jordán et al., 2013, among others) . Other ground-based methods with mixed success involve searching for the planetary spectral lines as they Dopplerwobble with respect to the telluric lines (Barnes et al., 2010; Rodler et al., 2012 Rodler et al., , 2013 Cubillos et al., 2011) .
In this paper, we will study the effect on the measurement of radius-ratio in an exoplanetary lightcurve after a filtered homomorphic process. Section 2 presents the model, Section 3 applies the model to a real exoplanetary dataset for validation, Section 4 presents the results, and Section 5 presents the concluding remarks.
Homomorphic Processing
The main motivation of homomorphic processing is to separate signals that have been combined not additively but instead through, for instance, convolution or multiplication. This is achieved by mapping this original system onto a different space. For instance, homomorphic deconvolution and cepstral (frequency analysis in logarithmic space) analysis have been applied successfully in a variety of areas including speech and audio processing, geophysics, radar, medical imaging, and others (Oppenheim and Schafer, 2004; Oppenheim, 1969; Sreenivasan et al., 2015, among others) .
In this paper we apply homomorphic processing to separate the flux from the star of the target exoplanetary system and a simultaneously-observed flux from a reference star in the same field of view, and later filter out some of the telluric-induced high frequency 2 components from the data. By doing so, we seek to improve the accuracy of the exoplanet radius-ratio estimation. Figure 1 shows the proposed homomorphic filtering scheme.
Model
The observed flux from the star with the transiting planet (F T ) for each λ (wavelength) is modeled as follows:
and the corresponding observed flux for the reference (F R ) star can expressed as:
where F T O (λ, t) and F RO (λ) denote the original flux without the telluric effects for the target and reference star, respectively; A E (λ, t) corresponds to the telluric atmosphere response; and, n T (λ, t) and n R (λ, t) indicate the observation noise for the target and reference stars. Also, the original flux from the reference star, F RO (λ), is independent of time.
The transit light curve for a given λ, F T O (λ, t), is described by the Mandel & Agol model (Mandel and Agol, 2002) . The flux received from the target star depends on the radiated energy, which is a function of λ, and on the exoatmosphere absorption during the planetary transit that also depends on λ. In the case of the reference star we can assume that there is no time dependency.
The telluric effect on the flux received from the target and reference stars, A E (λ, t), is the standard attenuation term (∝ e −τ ). This component is wavelength and time dependent as the atmosphere changes. Atmosphere perturbations can be classified as long-or short-term. The air mass changes slowly in a few-hour observation window as the star moves in the sky. In contrast, parameters such as density, pressure and amount of water may present rapid fluctuations on timescales of 10 or 15 minutes.
The additive observation noise is composed of a white and a red noise component. Both types of noise present high frequency energies, although they are more significant in the white noise.
Mapping
We study homomorphic mapping into logarithmic space by first applying the logarithm operator to the observed light fluxes in (1) and (2) to transform the multiplication to addition:
we can make use of the approximation log(1 + x) ≈ x, if x ≪ 1. The normalization of F T (λ, t) with respect to F R (λ, t), i.e. the subtraction of (4) from (3), can then be expressed as:
where the component log [A E (λ, t)] in (3) and (4) are canceled out since the target and the reference star's angular separation on the sky is negligible.
Filtering
The flux ratio (5) is thus processed with a low-pass Fast Fourier Transform (FFT) filter to suppress or reduce the high frequency components of the noise terms. Basically, the main idea is to reduce the distortion caused by the short term variations of the telluric response and of the observation noise. If the attenuated components are faster than the transit time, then a more accurate estimation of the radius ratio could be achieved.
The low-pass filter is applied in the frequency domain to prevent the addition of delay and phase distortion of the frequency components. The resulting filter is noncausal and requires processing the whole signal at once. This is achieved by multiplying the FFT spectrum with a frequency mask that attenuates all the components above a cut off frequency. Figure 2 shows the low-pass filter mask defined by the cut-off frequency (COF) and the rejection band gain (RBG) in dB. Then, the inverse FFT is employed to come back to the time domain. Finally, after low-pass filtering the log of the normalized transit flux curve, the inverse logarithm operator is applied. 
Parameter estimation
We follow the standard prescription of Mandel and Agol (2002) to find the best-fit parameters to the data. Since for characterizing extrasolar atmospheres, it is typically required to have a precision better than 10 −3 of the incoming flux. It is important to verify that new methods do not add unwanted systematic effects that could offset the measurement. In fact, our early tests did show that a low-pass filtering distorts the shape of the lightcurve for the estimation of some of the parameters (most greatly for the sum of radii and the inclination).
Therefore, in order to counteract the above-mentioned distortion induced by the homomorphic low-pass filter, and since the most relevant parameter for exoatmospheric measurements is the radius-ratio, we develop a two-step method (Fig. 3) that only tries to fit this parameter, while minimizing errors associated to possible degeneracies with other parameters. First, the observed transit curve is fitted with the Mandel & Agol model. In this paper this is achieved by using JKTEBOP (Southworth, 2013) . As a result the fitted parameters are estimated and the radius ratio coefficient is discarded. Second, the homomorphic low-filtering is applied and the resulting curve is also fitted with the Mandel & Agol model. However, in contrast to the previous step, the Mandel & Agol fitting makes use of all the parameters previously estimated except radius ratio, which is now determined (Table 1) .
Validation

The Data
We evaluated the proposed method with the transit time series corresponding to planets WASP-19b (Sedaghati et al., 2015) and WASP-17b (Sedaghati et al., 2016) . The WASP-19b and WASP-17b data were obtained on the nights of Nov 16, 2014, and Jun 18, 2015, respectively, using FORS2 at the VLT with Grism 600RI. In the case of WASP19b, 30"×10" slits were used on six reference stars, in addition to WASP-19, and the 
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Figure 4: White light data from WASP-19 (top) and WASP-17 (bottom). The curves were obtained by summing all the spectral channels from 535nm to 837nm and from 570nm to 790nm for WASP-19b and WASP-17b, respectively. Finally, the curves were normalized by the flux average of the reference star.
exposure time was 30s. For WASP-17b, 30"×15" slits were employed on five reference stars, in addition to WASP-17, and the exposure time was 35s (Fig. 4) .
Monte Carlo-based estimation method
To estimate the parameters of the proposed homomorphic FFT filter, we generated a set of artificial 1000 transit noisy signals for each planet considered here, i.e. . This dataset was produced by adopting the following procedure: first, a synthetic transit curve was obtained for each planet with the Mandel & Agol model by making use of the estimated transit parameters of WASP-19b and WASP-17b according to (Sedaghati et al., 2015) and (Sedaghati et al., 2016) , respectively; then, white noise and red noise were added to the synthetic transit curves. The red noise used here presents a spectral density distribution that decreases at a rate of f −2 (Carter and Winn, 2009 ). The red and white noise power were the same. The resulting SNR after the addition of both types of noise was equal to the SNR of the white light curves shown in Figure  4 . Figure 5 depicts example of the noisy transit curves generated for WASP-19b and WASP-17b. The grid search described in Subsection 3.3 was employed to estimate the homomorphic FFT filter parameters, i.e. COF and RBG. Figure 6 shows the Monte Carlo-based estimation method. The 1000 noisy signals were filtered with the homomorphic low-pass filter. Then JKTEBOP was used to es- 
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Clean Noisy timate the transit parameters for the unfiltered and filtered signals. After estimating the parameters with the original 1000 unfiltered and filtered signals, we calculated the average estimation of radius ratio and corresponding error bar considering an interval of 68% of confidence that corresponds to one gaussian standard deviation.
As can be seen in Figure 7 , in the early test (i.e. fitting all parameters after the filter), the homomorphic low-pass filter led to a reduction of 45.4% in the estimation of error bar for the radius ratio with WASP-19b. However, the method is unable to find the correct estimation for inclination and radii sum, and the error bar of the mid transit increased, because of the distortion incorporated by the homomorphic low-pass filter in the transit curve transition.
As can be seen in Fig. 8 , the early test with WASP-17b leads to a low error reduction of 1.69 %, which is much lower than the error reduction achieved with WASP-19b. This result must be due to the fact that, according to Table 2 , the white light curve of WASP17b provides an SNR that is 77% higher than the one observed in the WASP-19b light curve when the noise signal is obtained as the residual of the JKTEBOP estimation. In contrast, Table 2 also shows that the SNR averaged across all the channels is just 20% higher in WASP-17b than in WASP-19b. This apparent contradiction is explained as follows. According to Table 4 , the noise in WASP-17b is much less correlated between channels than in WASP-19b. Consequently, when the residual noise signals are summed over all the channels, the resulting noise energy is much lower with WASP-17b than with WASP-19b. Coefficient Q in Table 4 is defined as the quotient of the energy of the signal resulting from the summation of all the channel noises by the summation of the individual channel noise energies as in Eq. 6 (see Table 3 ):
where N oise(t, λ) denote sample t of the noise signal at channel λ and,
Accordingly, WASP-17b delivers a Q value that is 3.5 times lower than the one obtained with WASP-19b. Results are shown in Fig. 9 for the proposed two-step method. The reduction in the estimation error bar for WASP-19 was as high as 28.4% without additional distortion. Fig. 10 shows an improvement of 0.66% for the case of WASP-17.
Filter optimization
The homomorphic FFT low-pass filter defined in Figs. 1 and 2 has two parameters that need to be tuned, COF and RBG. These parameters were optimized by making use of a two-dimensional grid search methodology. In the case of WASP-19b, 153 samples, the 256 FFT was obtained and the optimal COF was searched in the integer interval [1, 127] . The optimal RBG is found within the set [10dB, 20dB, 30dB, 40dB, 50dB, 60dB, 70dB, 80dB] . For each pair (COF, RBG) the Monte Carlo simulation, described in Subsection 3.2 , was performed and the optimal pair (COF, RBG) was determined with respect to the lowest interval of 68% confidence that includes the correct radius ratio. Accordingly, the optimal filter parameters for WASP-19b are: for the early test, COF equal to five FFT samples and RBG equal to 10dB; and, for the proposed method, COF corresponds to 14 FFT samples and RBG is equal to 30dB. The WASP-17b data contains 477 samples and the 512 FFT was computed. To adopt a similar resolution to WASP19b, the homomorphic FFT low-pass filter for WASP-17b was optimized by searching 12 COF in the interval [1, 255] and discarding one every two FFT samples. Accordingly, the optimal filter parameters for WASP-17b are: for the early test, COF equal to 159 FFT samples and RBG equal to 40dB; and, for the proposed method, COF corresponds to 15 FFT samples and RBG is equal to 10dB.
Distortion analysis
The distortion introduced by the proposed method and its dependence on filter parameters was evaluated by processing the clean transit curves with the scheme shown in Fig.1 by applying the optimal FFT low-pass filter with COF=14 FFT samples and RBG=30dB. The clean transit curves were generated by using the parameters from WASP-19b and varying radius-ratio. The procedure was repeated with six radius-ratios representative of real exoatmospheric modulation along a typical spectrum: 0. 136, 0.138, 0.14, 0.1416, 0.142 & 0.144 . Then, the error between the radius-ratios in the original clean and filtered transit curves is computed. Figure 11 shows the error curve when radius-ratio was made equal to 0.1416. As can be seen in Fig. 11 , there is a wide range of values for COF and RBG, including the optimal ones, where the error is lower than 10 −4 . The same behavior is obtained with the other five reference radius-ratios. This result strongly suggests that the proposed homomorphic filtering does not introduce any significant distortion into the observed original transit curves
Results
We used JKTEBOP with the white light from WASP-19b and WASP-17b to compare the ordinary estimation of the transit curve parameters (baseline) with the one obtained by making use of the proposed method (see Fig. 12 ). According to Fig. 12 , the radius ratios for WASP-19b and WASP-17b are consistent because there is a clear intersection between the error intervals obtained with the ordinary baseline processing and the one achieved with the proposed method. Nevertheless, the homomorphic filtering delivers error intervals that are 45.5% and 76.9% smaller for WASP-19b and WASP-17b, respectively. Figure 13 shows the radius ratios computed by employing the proposed restricted estimation method with the 27 channels of WASP-19 reported in (Sedaghati et al., 2015) . As can be seen in Fig. 13 , both sets of estimated radius ratios are also consistent but the proposed method provided error bars that are 48.4% lower in average than without filtering. A similar analysis results from Figure 14 where the radius ratios obtained with the 23 channels of WASP-17, according to (Sedaghati et al., 2016) , were estimated with and without the proposed homomorphic filtering. As can be seen in Figure 14 , a dramatic average reduction of 63.6% in the error bars was achieved with WASP-17b.
Conclusions
The homomorphic filtering technique proposed here is applied to improve the estimation of the radius ratio in astronomical transit signals. The main motivation is to reduce the interference from the short-term earth atmosphere variations. The parameters of the homomorphic FFT filter are estimated with a Monte Carlo-based scheme. The proposed method was tested with the white light of WASP-19b and WASP-17b real data using JKTEBOP, and was able to lead to dramatic reductions of 45.5% and 76.9% in the error bars, respectively. Similar reductions in the averaged error bars per channel were achieved with WASP-19b and WASP-17b: 48.4% and 63.6%, respectively. Moreover, the sensibility analysis shows that the distortion caused by the technique is lower than the target precision, i.e. 0.1%. Finally, the application of the homomorphic filtering scheme to additional exo-planet real data is proposed as a future research.
